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The MnCoGe alloy can crystallize in either the hexagonal Ni 2 In-or the orthorhombic TiNiSi-type of structure. In both phases MnCoGe behaves like a typical ferromagnet with a second-order magnetic phase transition. For MnCoGeB x with B on interstitial positions, we discover a giant magnetocaloric effect associated with a single first-order magnetostructural phase transition, which can be achieved by tuning the magnetic and structural transitions to coincide. The results obtained on the MnCoGe-type alloys may be extensible to other types of magnetic materials undergoing a first-order structural transformation and can open up some possibilities for searching magnetic refrigerants for room-temperature applications. © 2010 American Institute of Physics. ͓doi:10.1063/1.3399773͔
Magnetic refrigeration based on the magnetocaloric effect ͑MCE͒ is a possible alternative to the current vaporcompression technology.
1 Nowadays, most studies on magnetic refrigerants are focused on materials undergoing a firstorder magnetic phase transition because of their potential applications at room temperature ͑T room ͒.
2-6 However, for different reasons none of these materials have yet been employed in a commercial refrigerator. Obviously, there is a need for yet further improved materials.
Studies made on MnCoGe confirmed a diffusionless, martensitic transformation from the low-temperature orthorhombic ͑orth.͒ TiNiSi-type structure ͑space group Pnma͒ to the high-temperature hexagonal ͑hex.͒ Ni 2 In-type structure ͑space group P6 3 / mmc͒. 7, 8 On heating this structural transformation occurs at ϳ650 K, 8 and the transition temperature ͑T t ͒ can be changed by either changing the composition [8] [9] [10] [11] [12] or applying an external pressure. [13] [14] [15] A metastable lowtemperature state of the hex. phase can be formed at ambient conditions by quenching the material from high temperatures. 13, 16 On the other hand, a strong correlation between the magnetic and the structural behavior of MnCoGe was observed. 16 In both the orth. and the hex. structure, MnCoGe behaves like a ferromagnet with a second-order magnetic phase transition but the magnetic saturation moment ͑M S ͒ and the magnetic ordering temperature ͑T c ͒ are different for these two phases. In the hex. structure, the values of M S and T c of MnCoGe are 2.76 B and 275 K, respectively. 9 In the orth. form, MnCoGe exhibits a higher M S and also a higher T c , namely 4.13 B and 345 K, respectively. 17 Note that the T c and the T t of the orth. MnCoGe are a few hundred degrees separated. Therefore, a magnetostructural coupling cannot take place in this case.
The magnetocaloric materials based on MnCoGe described in this paper is especially suited for operation between 275 and 345 K. Special attention is paid to the mechanism of manipulating a first-order magnetostructural transition ͑FOMST͒ in the MnCoGeB x compounds, leading to giant MCEs and involving a single paramagnetic ͑PM͒ Ni 2 In-type phase transforming reversibly into a ferromagnetic ͑FM͒ composite consisting of both the Ni 2 In-type and TiNiSi-type phases. An essential ingredient for the studied materials is the discovery that it is possible to shift the T t value between the orth. and the hex. phase from about 650 K down to T room using a few percent of interstitial atoms as additives.
Ingots of polycrystalline MnCoGe-based alloys were prepared by arc-melting appropriate amounts of the highpurity constituent elements under Ar atmosphere in a watercooled copper crucible. The samples were annealed at 850°C for 120 h and then quenched into water at T room . Temperature dependence of powder x-ray diffraction ͑XRD͒ was measured in an X'pert Pro PANalytical diffractometer with Cu K␣ radiation. The lattice parameters and the volume fraction ͑vol %͒ of the orth. and the hex. phase were calculated by Rietveld refinement using the FULLPROF package. 18 Magnetic measurements were performed in a commercial superconducting quantum interference device magnetometer ͑Quantum Design MPMS 5XL͒. Shown in Fig. 1͑a͒ are the temperature dependences of the magnetization ͑M-T curves͒ of the MnCoGeB x ͑x = 0.02, 0.03, 0.05͒ alloys. For the samples with x = 0.02 and 0.03, the sharp magnetic transitions represent an abrupt change of magnetization from the low-temperature FM to the high-temperature PM state. Also, thermal hysteresis ͑⌬T hys ͒ can be observed between the heating and cooling processes, indicating the first-order nature of these transitions. As has been shown recently, the magnetic entropy change ͑⌬S m ͒ of materials with hysteretic first-order transitions can reliably be calculated via the Maxwell relation.
1, 19 For ⌬B =0-5 T, we obtain giant MCEs of −47.3 J kg −1 K −1 and −37.7 J kg −1 K −1 for x = 0.02 and x = 0.03, respectively. Also, the saturation moments of these samples ͑M S ϳ 3.85 B ͒ are lower than that found in the un-doped MnCoGe. 17 However, with further increase in the boron concentration, as for the sample with x = 0.05, the MCE magnitude drops to −3.4 J kg −1 K −1 near T c = 263 K and the M S value is reduced to about 2.78 B ͓see Fig. 1͑b͒ and Table I͔. Figure 2 shows XRD patterns measured at 100, 250, and 400 K of the x = 0.02 sample. The structural change is evident from these patterns. In connection with the M-T curve of this sample, this observation is in accordance with a FOMST, namely a coupling between the magnetic and struc- 2-6 Shown in Fig. 3 is the temperature dependence of the orth. phase fraction as derived from the refinement of XRD patterns obtained in zero-field for the x = 0.02 sample. The sharp structural transition and the ⌬T hys value of ϳ15 K are in agreement with the magnetization measurements shown in Fig. 1͑a͒ . Apparently, the addition of interstitial B atoms in the MnCoGeB x alloys has stabilized the hex. phase relative to the orth. phase so that the stability region of the former has become enlarged. It extends to much lower temperatures than that for the parent compound MnCoGe. 7, 8 This offers the possibility that for a properly chosen boron concentration the structural and magnetic phase transitions can be controlled to coincide, leading to a single FOMST with a large MCE. As can also be seen in Fig.  3 , the structural transition is not complete. Below T c , a relatively small amount of the hex. phase still remains when cooling to temperatures below the phase transition. The hex. phase fraction calculated at 100 K is about 11.3 vol % for the x = 0.02 sample. We attribute this to boron concentration fluctuation where the structural phase transition in relatively boron rich regions does not occur. The presence of hex. phase below T c can make this phase grow favorably when the sample is heated up to above T c . In other words, the coexistence of the orth. and hex. structures below T c is favorable for the FOMST. On the other hand, from the crystallographic point of view, the TiNiSi-type unit-cell can be considered as an orth. distortion of the hex. Ni 2 In-type unit-cell. The relationship between their lattice constants and unit-cell volumes are given by a orth = c hex , b orth = a hex , c orth = ͱ 3a hex , and V orth =2V hex . [8] [9] [10] For x = 0.02, the structural transition is relatively broader than the magnetic transition ͓see Figs. 1͑a͒ and 3͔. Probably, the response of magnetic moments in the presence of magnetic field is faster than the structural distortion in zero-field when the material is going through the transition point.
The x = 0.05 sample exhibits a single phase of the hex. structure down to temperatures below T c . In this case, the magnetostructural coupling and the giant MCE are no longer observed. Here the higher boron concentration has further extended the stability range of the hex. phase preventing the simultaneous occurrence of the structural and magnetic phase transitions. The concomitant loss of the first-order character of the transition leads to the disappearance of the giant MCE.
It was above mentioned that the FOMST plays an essential role in giving rise to the giant MCEs observed in the MnCoGeB x alloys. The structural and magnetic results obtained on boron-doped MnCoGe are summarized as follow. 20 For boron concentrations x Յ 0.05 at. %, accompanying by quenching, we can shift the martensitic transition temperature T t from about 650 K to far below T c of the two allotropic phases of MnCoGe. By choosing the concentration of boron atoms in the range 0.02-0.03 at. % we can achieve an intimate coupling between the magnetic and structural phasetransitions. Concerning practical application as refrigerants, an optimal distribution of the boron atoms in the lattice and the corresponding coexistence of the two allotropic phases ͑albeit in temperature-dependent proportions, see Fig. 3͒ are essential for good functioning of the presently discovered giant-MCE materials. Whereas, a martensitic-type transformation is usually characterized by a strong ⌬T hys , 8, 21 the coexistence of both allotropic forms avoids this thermal hysteresis. One can see that the structural transition shown in Fig.  3 is quasi-reversible. The small ⌬T hys of the MnCoGe-type alloys shown Table I is most likely a signature of the firstorder character of the magnetostructural transition. We note that the FOMST and giant MCE can also be achieved on the introduction of C or Mn vacancies in MnCoGe ͑see Table I͒. In conclusion, we have discovered giant MCE near T room in the magnetocaloric materials based on MnCoGe. By introducing interstitial boron atoms, the structural and magnetic transitions in MnCoGe can be controlled to coincide, leading to a single FOMST from the combined two-phase FM region, in which the TiNiSi-and Ni 2 In-type structures coexist, to an almost single-phase PM Ni 2 In-type structure. The results obtained on the MnCoGe-based compounds may be extensible to other types of magnetic materials undergoing separate structural and magnetic transitions 7 and can open up some possibilities for searching magnetic refrigerants for room-temperature applications.
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